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(54) Title: FUEL CELL VOLTAGE MONITORING SYSTEM AND THE METHOD THEREOF 

(57) Abstract: This invention discloses a system and method for monitoring the voltage of a fuel cell stack. The system comprises 
a plurality of differential amplifiers, a switching network, an analog to digital converter and a controller. The system may further 
include a remote PC. Each differential amplifier has a high common-mode rejection ratio. The differential amplifiers are connected 
to terminals in the fuel cell stack at which the voltage is to be measured. An output of a single differential amplifier is chosen by 
the switching network, under the direction of the controller, and converted to digital values by the analog to digital converter. The 
digital values are used by the controller to calculate the cell voltage of the fuel cell. The controller also controls the analog to digital 
converter. The invention further comprises a calibration method and apparatus which are used to calibrate the measurement system 
before performing voltage measurement on the fuel cell stack. This invention allows the cells voltage of a fuel cell with almost any 
common-mode voltage to be measured using readily available differential amplifiers. 
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Title: Fuel Cell Voltage Monitoring System and The Method Thereof 

FIELD OF THE INVENTION 

The present invention relates to a voltage monitoring system and 
5 a method for measuring individual cell voltages. The invention has 
particular, but not exclusive, application to a fuel cell stack in which fuel 
cells are stacked in series. 

BACKGROUND OF THE INVENTION 

io A fuel cell is an electrochemical device that produces an 

electromotive force by bringing the fuel (typically hydrogen) and an oxidant 
(typically air) into contact with two suitable electrodes and an electrolyte. A 
fuel, such as hydrogen gas, for example, is introduced at a first electrode 
where it reacts electrochemically in the presence of the electrolyte to 

15 produce electrons and cations in the first electrode. The electrons are 
circulated from the first electrode to a second electrode through an electrical 
circuit connected between the electrodes. Cations pass through the 
electrolyte to the second electrode. Simultaneously, an oxidant, such as 
oxygen or air is introduced to the second electrode where the oxidant reacts 

20 electrochemically in the presence of the electrolyte and a catalyst, 
producing anions and consuming the electrons circulated through the 
electrical circuit. The cations are consumed at the second electrode. The 
anions formed at the second electrode or cathode react with the cations to 
form a reaction product. The first electrode or anode may alternatively be 

25 referred to as a fuel or oxidizing electrode, and the second electrode may 
alternatively be referred to as an oxidant or reducing electrode. The half-cell 
reactions at the first and second electrodes respectively are: 



H 2 ->2H + + 2e 



(D 



1/20 2 + 2H + + 2e ~-> H 2 0 



(2) 



WO 02/097460 PCT/CA02/00791 

-2- 

The external electrical circuit withdraws electrical current and thus 
receives electrical power from the fuel cell. The overall fuel cell reaction 
produces electrical energy as shown by the sum of the separate half-cell 
reactions shown in equations 1 and 2. Water and heat are typical by- 
5 products of the reaction. 

In practice, fuel cells are not operated as single units. Rather, fuel 
cells are connected in series, either stacked one on top of the other or 
placed side by side. The series of fuel cells, referred to as a fuel cell stack, 
is normally enclosed in a housing. The fuel and oxidant are directed through 

io manifolds in the housing to the electrodes. The fuel cell is cooled by either 
the reactants or a cooling medium. The fuel cell stack also comprises 
current collectors, cell-to-cell seals and insulation while the required piping 
and instrumentation are provided external to the fuel cell stack. The fuel cell 
stack, housing and associated hardware constitute a fuel cell module. 

is Various parameters have to be monitored to ensure proper fuel 

cell stack operation. One of these parameters is the voltage across each 
fuel cell in the fuel cell stack hereinafter referred to as cell voltage. 
Therefore, differential voltage measurement is required at the two terminals 
(i.e. anode and cathode) of each fuel cell in the fuel cell stack. However, 

20 since fuel cells are connected in series, and typically in large number, the 
voltages at some terminals will be too high for any currently available 
semiconductor measuring device to directly measure. For example, for a 
fuel cell stack consisting of 100 cells with each cell voltage at 0.95 V, the 
actual voltage on the negative terminal (cathode) of the top cell will be 

25 94.05 V (i.e. 0.95*100-0.95). As such, the voltage exceeds the maximum 
allowable input voltage of current differential amplifiers commonly used for 
measuring voltage. 

Various efforts have been made to overcome this problem. One 
method for monitoring high cell voltages is disclosed by Becker-lrvin (US 

30 Patent No. 5,914,606) who teaches monitoring cell voltage with the aid of 
voltage dividers. The voltage dividers are connected to measurement points 
on a stack of cells. The voltage dividers reduce the voltage at each 
measurement point so that each voltage is low enough to be an input to a 
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conventional differential amplifier. When the voltage dividers are "closely 
matched", the output of the differential amplifier is directly proportional to 
the differential voltage between the pair of points at which the voltage 
dividers are connected. Hence the differential voltage between those two 
points can be determined. By selecting the "ratio" of each voltage divider, 
the system can be used to measure differential voltages in the presence of 
different common-mode voltages. 

However, there are two problems when the cell voltage is 
monitored with this system. Firstly, since the cells are connected in series, 
the voltage of the cells near the top of the series connection (i.e. furthest 
away from the reference potential) must be divided down (i.e. reduced) 
using extremely high-ratio voltage dividers in order to provide voltages that 
can be read by the same voltage-measuring circuit which measures the cell 
voltages of the cells near the bottom of the series connection. Thus, 
monitoring high voltages requires very high precision resistors in the high- 
ratio voltage dividers in order to reduce the voltages on each terminal of the 
cell being measured by the same amount. Secondly, any deviation in the 
resistance of the resistors in the voltage dividers will cause an impedance 
mismatch in the Thevenin equivalent of the voltage dividers which will affect 
the ability of the differential amplifier to properly measure the cell voltage. 
Therefore, great care must be taken to precisely match the resistances of 
the resistors used in the voltage dividers. This results in a voltage 
measurement system with increased cost and decreased efficiency. 

Another system for monitoring high voltages was disclosed by 
Flohr et al. (US Patent No. 5,712,568). Flohr teaches the use of an optical 
isolation technique to separate the voltage measurement process. 
Unfortunately, this method is both costly and difficult to implement. James 
(US Patent No. 6,140,820) also disclosed a voltage monitoring system that 
used isolation methods incorporating a multiplexer and differential inputs. 
However, this voltage monitoring system also suffers from impedance 
mismatch and reduced accuracy. 

As can be seen, the above methods do not provide a simple and 
cost-efficient system for monitoring cell voltage. This is unfortunate since, in 



I 
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the field of fuel cell technology, as fuel cell stacks become larger and more 
complex, there is an increasing need for simple and accurate cell voltage 
measurement systems. For instance, it is currently technically difficult to 
achieve an accurate cell voltage measurement at a reasonable cost for any 
5 fuel cell stack that exceeds 40 fuel cells. 



SUMMARY OF THE INVENTION 

In order to overcome the problems associated with the current 

methods of measuring cell voltage, the present invention provides a novel 

10 circuit and method for monitoring the voltage of each fuel cell within a fuel 

cell stack. The fuel cell voltage monitoring circuit is cost effective and easy 

to operate. 

In accordance with the present invention, there is provided a 
system for monitoring at least one cell voltage of an electrochemical device 
15 for a plurality of cells connected in series, wherein the system comprises: 

a plurality of differential amplifiers, each differential 
amplifier, having two inputs and one output, wherein the inputs are 
connected, in use, to the plurality of cells; 

a switching network having a plurality of inputs and one 
20 output, the inputs of the switching network connected to the outputs of the 
differential amplifiers; 

an analog to digital converter having an input connected to 
the output of the switching network and adapted to provide digital values 
indicative of the voltages measured by the plurality of differential amplifiers; 
25 and, 

a controller connected to the switching network and the 
analog to digital converter to control the operation of the switching network 
and the analog to digital converter, wherein the controller is further adapted 
to receive the digital values from the output of the analog to digital 
30 converter. 

Preferably, each differential amplifier has a high common-mode 
rejection ratio. More preferably, each differential amplifier can reject a 
common-mode voltage of 200 V. 
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The system may further include a calculating means, connected 
to the output of one of the analog to digital converter and the controller, to 
calculate the at least one cell voltage based on the digital values. Further, 
the controller may include a calculating means. A microprocessor may be 

5 used as the controller. The system may further comprise a computer that is 
connected to the controller. 

In another aspect of the invention, the system further includes at 
least one calibrator for calibrating each differential amplifier. The at least 
one calibrator is adapted to provide a constant voltage increment to emulate 

10 the cell voltage and common-mode voltage at terminals of each cell, from 
the plurality of cells connected in series, for calibrating each of the 
differential amplifiers. The constant voltage increment may be chosen in the 
range of 0.5 V to 1 V. More preferably, the constant voltage increment may 
be 0.75 V. The system may further comprise at least one voltmeter for 

is measuring the voltage at the inputs and the output of each differential 
amplifier. 

In another aspect of the invention, there is provided a method for 
monitoring cell voltages for a plurality of electrochemical cells connected in 
series and having output terminals, the method comprising the steps of: 
20 (a) connecting the voltage from two terminals of the 

plurality of cells connected in series to the inputs of a differential amplifier 
having two inputs and one output; 

(b) rejecting the common-mode voltage from the voltages 
at the two terminals, in the differential amplifier, to give the voltage 

25 differential between the two terminals; and, 

(c) converting the voltage differential from analog to digital 

values. 

More particularly the method includes, 

(1) in step (a), measuring the voltages across a plurality of 
30 pairs of terminals by connecting the voltages from each pair of terminals to 
a respective differential amplifier, each differential amplifier having two 
inputs and one output; 
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(2) in step (b), rejecting a common-mode voltage in each 
differential amplifier to give a voltage differential; and, 

(3) converting each voltage differential from analog to 

digital values. 

The method further includes connecting the output of the 
differential amplifiers through a switching network to an analog to digital 
converter, using the switching network to switch the output of one of the 
differential amplifiers to the analog to digital converter for analog to digital 
conversion of the voltage differential at the output of said one differential 
amplifier. The method also includes providing a controller for controlling the 
switching network and the analog to digital converter. The method further 
includes providing the controller as a microprocessor. 

The method further includes the step of: 

(d) providing known voltages to the inputs of the differential 
amplifiers and measuring the voltages and the outputs thereof, to calibrate 
the differential amplifiers. The method further includes providing the 
voltages from a calibrator and measuring the voltages with a voltmeter. 

The method further includes effecting step (d) for each differential 
amplifier according to the steps of: 

(e) applying a voltage V A across the inputs of the 
differential amplifier and measuring V A ; 

(f) measuring the analog to digital converter output 
(Vadc(V a ))) when V A is applied differentially to the inputs of the differential 
amplifier; 

(g) measuring the analog to digital converter output 
(Vadc(Vq)) when the inputs of the differential amplifier are connected to 
ground; and, 

(h) measuring the DC offset voltage (Voff) at the output of 
the differential amplifier when the inputs are tied to ground. 

The method further includes effecting step (d) by using the digital 
values and V A| V AD c(V A ), V AD c(Vo) and Voff- 

The method further includes calculating the cell voltage (V R ) 
based on a measured voltage (Vadc) using the formula: 
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V A° V ADC 



OFF 



The method further includes providing differential amplifiers which 
5 each have a high common-mode rejection ratio. More preferably, each 
differential amplifier can reject a common-mode voltage of 200 V. 

The method further includes providing each calibrator with a 
constant voltage increment to emulate the cell voltage and common-mode 
voltage that would be expected, under normal operating conditions, at the 
10 terminals of a cell from the plurality of cells connected in series. The 
constant voltage increment may be selected in the range of 0.5 V to 1 V. 
More preferably, the constant voltage increment is 0.75 V. 

The method further includes monitoring the cell voltage of each 
cell in the plurality of cells sequentially. Alternatively, the cell voltage of any 
is cell, from the plurality of cells, can be measured at any time. The method 
further comprises applying the measurement method to fuel cell voltages. 

Further objects and advantages of the present invention will 
appear from the following description, taken together with the 
accompanying drawings. 

20 

DETAILED DESCRIPTION OF THE DRAWINGS 

For a better understanding of the present invention and to show 

more clearly how it may be carried into effect, reference will now be made, 
by way of example, to the accompanying drawings which show a preferred 
25 embodiment of the present invention and in which: 

Figure 1 is a schematic of a prior art cell voltage monitoring 

system; 

Figure 2 is a schematic of an embodiment of a fuel cell voltage 
monitoring system in accordance with the present invention; 
30 Figure 3a is a partial view of an example of cell voltage 

measurement on a fuel cell stack using the fuel cell voltage monitoring 
system of Figure 2; and, 
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Figure 3b is a partial view of the calibration required for the fuel 
cell voltage monitoring system of Figure 2. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

5 Referring first to Figure 1, the system disclosed by Becker-lrvin 

(US Patent No. 5,914,606) is shown. Measurement points 114 and 116 are 
connected to the inputs of a voltage divider 111. Other measurement points 
are also connected to respective inputs of other voltage dividers. All the 
divider outputs are connected to a multiplexer 120 that has outputs 129 and 

10 130. These outputs are connected to a differential amplifier A 7. By 
appropriately closing switches, such as 124 and 127, the two voltage divider 
outputs are connected to the multiplexer 120. When the voltage dividers are 
"closely matched", the output of the differential amplifier A7 will be directly 
proportional to the differential voltage between the pair of points at which 

15 the voltage dividers were connected. However, as previously discussed, 
extremely high precision resistors must be used in the voltage dividers. 
Further, any deviation in the resistance of these resistors will result in 
improper cell voltage measurement 

Referring now to Figure 2, in accordance with the present 

20 invention, a schematic of a fuel cell voltage monitoring system is indicated 
at 10. The fuel cell voltage monitoring system 10 comprises a plurality of 
differential amplifiers 12 which are connected to a fuel cell stack 13. For 
simplicity, only two differential amplifiers 14 and 16 and two fuel cells 18 
and 20 are shown. The fuel cell voltage monitoring system 10 further 

25 comprises a switching network 22, an analog to digital converter (ADC) 24, 
a controller 26 and a PC 2 8. The inputs of the plurality of differential 
amplifiers 12 are connected to the terminals of the fuel cells in the fuel cell 
stack 13 and the outputs of the plurality of differential amplifiers 12 are 
connected to the switching network 22. The switching network 22 is also 

30 connected to the ADC 24. The ADC 24 is connected to the controller 26 
which is in turn connected to the PC 28 via an RS 232 cable 30 or any other 
commercially available PC communication link. 
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To effect cell voltage measurement, a plurality of differential 
amplifiers 12 are used wherein each differential amplifier has a high 
common-mode rejection ratio. Each differential amplifier preferably is also 
highly linear Each amplifier may have a gain of substantially unity. Each 

5 amplifier should also be able to reject as high a voltage as possible at each 
input. However, the input differential is limited by the power supply voltage 
as is commonly known in the art. Accordingly, the input differential may be 
limited to a range of +/- 15 V. 

In Figure 2, each differential amplifier, from the plurality of 

10 differential amplifiers 12, is connected to the terminals of a respective fuel 
cell, in the fuel cell stack 13, whose cell voltage is to be measured. For 
instance, in Figure 2, differential amplifier 14 is connected across fuel cell 
18. In particular, the two inputs 34 and 36 of the differential amplifier 14 are 
connected to the anode 38 and the cathode 40 of the fuel cell 1 8. 

is Alternatively, in practice, the inputs of a differential amplifier, chosen from 
the plurality of differential amplifiers 12, do not necessarily have to be 
connected to the two terminals of one fuel cell. Rather the inputs of the 
differential amplifier may be connected to any two terminals on the fuel cell 
stack 13 as desired. For instance, for differential amplifier 14, the input 34 

20 may be connected to the terminal 38 of fuel cell 18 and the input 36 may be 
connected to the terminal 44 of fuel cell 20. In this description, for simplicity, 
each differential amplifier is assumed to be connected to the terminals of a 
unique fuel cell. 

In the fuel cell voltage monitoring system 10, the output of each 
25 differential amplifier, from the plurality of differential amplifiers 12, is then 
connected to the inputs of the switching network 22. Accordingly, in Figure 
2, the output 50 of the differential amplifier 14 and the output 52 of the 
differential amplifier 16 are connected to the inputs of the switching network 
22 (only two inputs are shown for simplicity). Preferably, the switching 
30 network 22 may be a multiplexer or the like. The switching network 22 only 
allows the differential voltage measured at two points on the fuel cell stack 
13 to be accessed at any one time. This configuration is desirable for 
reducing the number of components in the fuel cell voltage monitoring 
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system 10. The cell voltages may also be monitored at a high speed so 
that measuring only one cell voltage at a time is acceptable. The differential 
voltage measured at the two terminals on the fuel cell stack 13 are then 
sent from the switching network 22 to the ADC 24. 

5 The ADC 24 converts the measured analog voltages to digital 

values. In practice, the ADC 24 may be a 16-bit ADC. Alternatively, an ADC 
with more bits may be used to obtain more accurate digital values. After the 
analog to digital conversion, the digital values are sent to the controller 26. 

The controller 26 controls the function of the fuel cell voltage 

10 monitoring system 10. In particular, the controller 26 controls the operation 
of the switching network 22 via a switching network control signal 47 and 
the ADC 24 via an ADC control signal 49. The controller 26 controls the 
switching network 22 to selectively receive the digital values for the cell 
voltage measured at the two terminals of a specific fuel cell in the fuel cell 

is stack 13. Preferably, the controller 26 directs the switching network 22 to 
access the voltage measured across each fuel cell in the fuel cell stack 13 
in sequential order and reads the corresponding digital values from the ADC 
24. Alternatively, the measured voltage across any fuel cell can be 
accessed at any time by appropriately programming the controller 26. The 

20 controller is preferably a microprocessor but may also be another control 
device such as a PLC or the like. 

The controller 26 can also include a calculating means for 
converting the digital values read from the ADC 24 into a measured cell 
voltage (further explained below). Preferably, the controller 26 is further 

25 connected to a PC 28 via an RS232 cable 30 or the like which can be used 
to provide enhanced data processing to monitor fuel cell performance. The 
cell voltages allow a user to assess the overall condition of an individual fuel 
cell. The cell voltages can be used to determine if there is water 
accumulation in a cell, or if gases are mixing, etc. How often cell voltages 

30 are measured is also important. Cell voltage measurement must be 
sufficiently fast to report brief, transient conditions on the cells. It is 
preferred to perform a measurement every 10 ms on every cell, which has 
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been shown to be more than sufficient. Note that PC 28 may be in a remote 
location. 

The plurality of differential amplifiers 12 used in the fuel cell 
voltage monitoring system 10 may be chosen from any commercially 
available differential amplifier having a high common-mode rejection ratio. 
Examples include the Burr-Brown INA 117 differential amplifier or the 
Analog Devices AD629 differential amplifier. These differential amplifiers 
can function with a common-mode voltage of up to 200 V and can therefore 
be connected directly to the cathode and anode of a fuel cell from the fuel 
cell stack 13 as shown in Figure 2. 

In practice, the fuel cell voltage monitoring system 10 requires 
calibration in order to obtain accurate voltage measurements. As is well 
known to those skilled in the art, when the number of individual fuel cells in 
the fuel cell stack 13 increases, the voltages at the two terminals of a single 
fuel cell increases. This increase is larger the further away the single fuel 
cell is from the reference potential of the fuel cell stack 13. Accordingly, the 
common-mode voltage of the inputs of the differential amplifier connected to 
the single fuel cell also increases (the common-mode voltage is simply the 
average value of the inputs). The common-mode voltage of the inputs to the 
differential amplifier results in a voltage at the output of the differential 
amplifier which will corrupt the voltage measurement of the differential 
amplifier. This common-mode voltage error is equal to product of the 
common-mode voltage gain of the differential amplifier and the common- 
mode voltage of the inputs. Thus, the common-mode voltage error is 
proportional to the common-mode voltage of the inputs of the differential 
amplifier. Accordingly, the differential amplifier preferably has a high 
common-mode rejection ratio (CMRR) which is the ratio of the input voltage 
when the inputs are tied together divided by the output voltage. The CMRR 
is usually expressed in dB (i.e. CMRR (dB) = 20 log (input voltage/output 
voltage)). Typically, values for CMRR are approximately in the range of 70 
to 110 dB. An amplifier with a high common-mode rejection ratio, by 
definition, has a small common-mode voltage gain. 
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In addition, due to unavoidable internal mismatches in the 
differential amplifier, an extraneous voltage occurs at the output of the 
differential amplifier. This output voltage is referred to as the DC offset of 
the differential amplifier. The DC offset is observed as a finite voltage at the 
output of the differential amplifier when the inputs of the differential amplifier 
are connected to ground. 

Furthermore, there is another voltage error which occurs in the 
measurement process which is due to the quantization noise of the ADC 24. 
However, as is well known in the art, the quantization noise can be reduced 
to an acceptable level by increasing the number of quantization bits in the 
ADC 24. 

Due to the common-mode voltage error, the DC offset and to 
some extent the quantization noise, the output of the differential amplifier 
will deviate from the actual cell voltage of the fuel cell. This deviation is 
referred to as a residual voltage which is a measurement error that cannot 
be eliminated with common differential amplifier arrangements. As 
discussed previously, the residual voltage is proportional to the common- 
mode voltage of the inputs of the differential amplifier. This is not desirable 
since as the total number of individual fuel cells increase, the common- 
mode voltage of the inputs of the differential amplifier increase. Therefore, 
the deviation in the measured cell voltage for those fuel cells at the top of 
the fuel cell stack 13 will be large enough to significantly affect the accuracy 
of the cell voltage measurement. 

The above problem can be overcome if the measured cell voltage 
of the fuel cell is calculated based on a linear equation which uses the 
digital values obtained from the voltage measurement of each fuel cell. In 
order to perform the calculation, at least one voltmeter and a calibrator 
(both are not shown) are needed for reading voltage values during a 
calibration process. Preferably, the voltmeter is a high precision voltmeter. 

The cell voltage for each fuel cell, measured by a given 
differential amplifier, can be calculated using the following equation: 



WO 02/097460 PCT/CA02/00791 
| - -13- 



V o V 
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where: V R is the calibrated measured cell voltage 

V A dc is the output value of the ADC 24 during the cell voltage 
5 measurement 

V A is the voltage applied differentially to the input of the 
differential amplifier during calibration 

Vadc(Va) is the output value of the ADC 24 when V A is applied to 
the inputs of the differential amplifier during calibration 
10 Vadc(Vo) is the output value of the ADC 24 when the inputs of the 

differential amplifier are tied to ground during calibration 

Vqff is the voltage output of the differential amplifier when the 
inputs of the differential amplifier are tied to ground during calibration 

15 Equation 3 removes the measurement errors to obtain the 

measured cell voltage for the fuel cell being measured. The voltage Voff 
represents the DC offset and common mode voltage errors. These errors 
are removed from the measured value since, based on the principle of 
superposition, the measured voltage will be the addition of the cell voltage 

20 plus these errors. Secondly, the factor V A dc/[Vadc(Va) - V A dc(V 0 )] is used to 
correlate the output of the ADC 24 to a meaningful value in Volts. 

This calculation may be carried out by the controller 26. 
Alternatively, another processing device may be used. The calibrated data 
may then be read by the PC 28 for recording and analysis. By controlling 

25 the switching network 22 to access each differential amplifier from the 
plurality of differential amplifiers 12 in sequence, the cell voltage for each 
fuel cell in the fuel cell stack 13 can be obtained. 

Figure 3a illustrates the measurement error which occurs when 
measuring the cell voltage of a fuel cell, from the fuel cell stack 13, if 

30 calibration is not used. Assuming there are 102 fuel cells in the fuel cell 
stack 13 and that each fuel cell operates at 0.75 V (i.e. the cell voltage is 
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0.75 V), the actual common-mode voltage of the 102 nd fuel cell is 75.75 V 
(i.e. 0.75*101) as shown in Figure 3a. If a residual voltage error of +50 mV 
occurs at the output of the differential amplifier 66 connected to the 102 nd 
fuel cell, the output of the differential amplifier 66 will be 0.8 V (i.e. 

5 0.75+0.05) instead of 0.75 V and it has unity gain. Typically it is expected 
that voltages can vary in the range up to 5 Volts. 

Referring now to Figure 3b, the measurement error can be 
eliminated by calibrating the differential amplifier 66 with a calibrator 70 that 
provides the exact common-mode voltage and cell voltage that would be 

10 expected for the 102 nd fuel cell which in this example are 75.75 V and 0.75 
V respectively. When the calibrator is employed to calibrate the differential 
amplifier 66, the common-mode voltage error and the DC offset of the 
differential amplifier will be obtained. However, during measurement, the 
output of the differential amplifier 66 will be the same as it was before 

15 calibration was performed (i.e. 0.80 V in the example). Thus, equation 3 
must be used to obtain the actual cell voltage and significantly reduce the 
residual error. 

Although it is difficult to know the actual cell voltage of each fuel 
cell, it is known that individual fuel cells operate between approximately 0.5 

20 V to 1.0 V during normal operation. By applying a calibrator that provides 
voltage levels close to these cell voltages, the plurality of differential 
amplifiers 12 may be calibrated before they are used to measure the cell 
voltages of fuel cells in the fuel cell stack 13. Therefore, the common-mode 
voltage error and the DC offset of each differential amplifier can be 

25 obtained. Consequently, by calibrating each differential amplifier, the 
accuracy of the fuel cell voltage monitoring system 1 0 considerably 
increases. 

Since individual fuel cells operate in the range of 0.5 V to 1.0 V, 
each fuel cell may be assumed to have a cell voltage of 0.75 V. This is an 
30 average voltage at which fuel cells operate during normal use. Therefore, 
during calibration an increment of 0.75 V is used which means the calibrator 
provides voltages as if the upper terminal of fuel cell 1 is at 0.75 V, the 
upper terminal of fuel cell 2 is at 1.5 V, the upper terminal of fuel cell 3 is at 
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2.25 V and the upper terminal of fuel cell 101 is at 76.5 V, as shown in 
Figure 3b. The inventor has found that by using this method in practice, 
each differential amplifier was calibrated at a common-mode voltage which 
was close to the actual common-mode voltage at the cell terminals of each 
5 fuel cell when each fuel cell was operating under ideal conditions. As a 
result, the measured cell voltages were close to the actual cell voltage of 
each fuel cell. 

Although the calibration method does not completely eliminate 
the residual error, it significantly reduces the residual error and most notably 

10 the common-mode voltage error. Further, after calibration, the common- 
mode voltage error occurring during the voltage measurement of a given 
differential amplifier is no longer proportional to the common-mode voltage 
at the inputs of the differential amplifier. The common-mode voltage error is 
now proportional to the difference between the actual common r mode 

15 voltage at the inputs and the assumed common-mode voltage that was 
used for each fuel cell during calibration. This difference is random and 
does not increase as the number of fuel cells in the fuel cell stack 1 3 
increase. Therefore, the common-mode voltage error is maintained at a 
very low level during cell voltage measurement. This is particularly 

20 advantageous when measuring the cell voltage of fuel cells in a large fuel 
cell stack. 

The fuel cell voltage monitoring system 1 0 according to the 
present invention uses commonly available components which are 
inexpensive and do not require any hardware adjustments. The present 

25 invention also provides for a simple to use and highly precise measurement 
system. Furthermore, compared to existing cell voltage monitoring systems, 
the present invention has fewer components which significantly reduces the 
overall size of the system. Therefore, the fuel cell voltage monitoring system 
10 can be easily incorporated into any fuel cell testing device. 

30 It should be appreciated that the present invention is intended not 

only for monitoring the voltages of individual fuel cells, in fuel cell stacks, 
but also for monitoring the voltages in any kind of multi-cell battery formed 
by connecting individual cells in series. The present invention can also be 
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used to monitor the voltage of a single cell, a battery, a battery bank or an 
electrolyser. 

It should be further understood that various modifications can be 
made, by those skilled in the art, to the preferred embodiments described 
5 and illustrated herein, without departing from the present invention, the 
scope of which is defined in the appended claims. 
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WE CLAIM: 

1. A system for monitoring at least one cell voltage of an 
electrochemical device for a plurality of cells connected in series, the 

5 system comprising: 

a plurality of differential amplifiers, each differential 
amplifier having two inputs and one output, wherein the inputs are each 
connected, in use, to the plurality of cells; 

a switching network having a plurality of inputs and one 
10 output, the inputs of the switching network connected to the outputs of the 
differential amplifiers; 

an analog to digital converter having an input connected to 
the output of the switching network and adapted to provide digital values 
indicative of the voltages measured by the plurality of differential amplifiers; 
15 and, 

a controller connected to the switching network and the 
analog to digital converter to control the operation of the switching network 
and. the analog to digital converter, wherein the controller is further adapted 
to receive the digital values from the output of the analog to digital 
20 converter. 

2. A system as claimed in claim 1, wherein the system further 
includes a calculating means, connected to the output of one of the analog 
to digital converter and the controller, to calculate the at least one cell 

25 voltage based on the digital values. 

3. A system as claimed in claim 1 , wherein each differential amplifier 
has a high common-mode rejection ratio. 

30 4. A system as claimed in claim 3, wherein each differential amplifier 

is adapted to reject a common-mode voltage of 200 V. 
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5. A system as claimed in claim 1 , wherein the controller includes a 
calculating means. 

6. A system as claimed in claim 1, wherein the controller comprises 
5 a microprocessor. 

7. A system as claimed in claim 1 or 2, wherein the system further 
comprises a computer and the controller is connected to the computer. 

10 8. A system as claimed in claim 1 or 2, wherein the system further 

comprises at least one calibrator, connectable to each differential amplifier, 
for calibrating each differential amplifier. 

9. A system as claimed in claim 8, wherein the at least one 

15 calibrator is adapted to provide a constant voltage increment to emulate the 
cell voltage and common-mode voltage at terminals of each cell, from the 
plurality of fuel cells connected in series, for calibrating each of the 
differential amplifiers. 

20 10. A system as claimed in claim 9, wherein the constant voltage 
increment is chosen in the range of 0.5 V to 1 V. 

11. A system as claimed in claim 10, wherein the constant voltage 
increment is 0.75 V. 

25 

12. A system as claimed in claim 8, wherein the system further 
includes, for calibration, at least one voltmeter for measuring the voltage at 
the inputs and the output of each differential amplifier. 

30 13. A method for monitoring cell voltages for a plurality of 
electrochemical cells connected in series and having output terminals, the 
method comprising the steps of: 
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(a) connecting the voltage from two terminals of the 
plurality of cells connected in series to the inputs of a differential amplifier 
having two inputs and one output; 

(b) rejecting the common-mode voltage from the voltages 
5 at the two terminals, in the differential amplifier, to give the voltage 

differential between the two terminals; and, 

(c) converting the voltage differential from analog to digital 

values. , 

10 14. A method as claimed in claim 13, which includes: 

(1) in step (a), measuring the voltages across a plurality of 
pairs of terminals by connecting the voltages from each pair of terminals to 
a respective differential amplifier, each differential amplifier having two 
inputs and one output; 
15 (2) in step (b), rejecting a common-mode voltage in each 

differential amplifier to give a voltage differential; and, 

(3) converting each voltage differential from analog to 

digital values. 



20 15. A method as claimed in claim 14, which includes connecting the 
outputs of the differential amplifiers through a switching network to an 
analog to digital converter, using the switching network to switch the output 
of one of the differential amplifiers to the analog to digital converter for 
analog to digital conversion of the voltage differential at the output of said 

25 one differential amplifier. 

16. A method as claimed in claim 15, which includes providing a 
controller for controlling the switching network and the analog to digital 
converter. 



17. A method as claimed in claim 16, which includes providing the 
controller as a microprocessor. 
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18. A method as claimed in claim 14, wherein the method further 
includes the step of: 

(d) providing known voltages to the inputs of the differential 
amplifiers and measuring the voltages and the outputs thereof, to calibrate 

5 the differential amplifiers. 

19. A method as claimed in claim 18, wherein the method includes 
providing the voltages from a calibrator and measuring the voltages with a 
voltmeter. 

10 

20. A method as claimed in claim 18, wherein the method includes 
effecting step (d) for each differential amplifier according to the steps of: 

(e) applying a voltage V A across the inputs of the 
differential amplifier and measuring V A ; 

is (f) measuring the analog to digital converter output 

(Vadc(Va))) when V A is applied differentially to the inputs of the differential 
amplifier; 

(g) measuring the analog to digital converter output 
(Vadc(Vo)) when the inputs of the differential amplifier are connected to 

20 ground; and, 

(h) measuring the DC offset voltage (V 0 ff) at the output of 
the differential amplifier when the inputs are tied to ground. 

21. A method as claimed in claim 20, wherein step (d) is effected 
25 using the digital values and Va, Vadc(V a ), Vadc(V 0 ) and Voff. 

22. A method as claimed in claim 20 or 21 , which includes calculating 
the cell voltage (V R ) based on a measured voltage (V A dc) using the formula: 



V oV 

30 V = — ADC V 

R Ur 1,7 \ t t frr W OFF 



[WW-WW] 
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23. A method as claimed in claim 13, which includes providing each 
differential amplifier with a high common-mode rejection ratio. 

24. A method as claimed in claim 13, which includes providing 
5 differential amplifiers which can accommodate a common-mode voltage of 

200 V. 

25. A method as claimed in claim 22, which includes providing each 
calibrator with a constant voltage increment to emulate the cell voltage and 

10 common-mode voltage that would be expected, under normal operating 
conditions, at the terminals of a cell from the plurality of cells connected in 
series. 

26. A method as claimed in claim 25, which includes selecting the 
15 constant voltage increment in the range of 0.5 V to 1 V. 

27. A method as claimed in claim 26, which includes selecting the 
constant voltage increment to be 0.75 V. 

20 28. A method as claimed in claim 13, which includes monitoring the 
cell voltage of each cell in the plurality of cells sequentially. 

29. A method as claimed in claim 13, which includes monitoring the 
cell voltage of any cell from the plurality of cells at any time. 

25 

30. A method as claimed in claim 13, comprising applying the method 
to measurement of fuel cell voltages. 



WO 02/097460 



PCT/CA02/00791 



1/3 



100 102 




115 v 111 113 



FUG. 1 (Prior Art) 



SUBSTITUTE SHEET (RULE 26) 



WO 02/097460 



PCT/CA02/00791 



2/3 



o 

CO 




CO 



SUBSTITUTE SHEET (RULE 26) 



(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property Organization 

International Bureau 

(43) International Publication Date 
5 December 2002 (05.12.2002) 




PCT 



(10) International Publication Number 

WO 02/097460 A3 



(51) International Patent Classification 7 : 

H01M 8/04 



G01R 31/36, 



(21) International Application Number: PCT/CA02/00791 

(22) International Filing Date: 29 May 2002 (29.05.2002) 

(25) Filing Language: English 

(26) Publication Language: English 



(30) Priority Data: 

09/865,562 



29 May 2001 (29.05.2001) US 



(63) Related by continuation (CON) or continuation-in-part 
(CIP) to earlier application: 

US 09/865,562 (CON) 

Filed on 29 May 2001 (29.05.2001) 

(71) Applicant (for all designated States except US): HYDRO- 
GENICS CORPORATION [CA/CA]; 5985 McLaughlin 
Road, Mississauga, Ontario L5R 1B8 (CA). 

(72) Inventors; and 

(75) Inventors/Applicants (for US only): MASSE, Stephane 

[CA/CA]; 122 Quebec Avenue, Toronto, Ontario M6P 2T6 



(CA). GOPAL, Ravi, B. [CA/CA]; 53 Sunray Crescent, 
Toronto, Ontario M3M 2C6 (CA). 

(74) Agent: BERESKIN & PARR; 40 King Street West, 40th 
Floor, Toronto, Ontario M5H 3Y2 (CA). 

(81) Designated States (national): AE, AG, AL, AM, AT, AU, 
AZ, BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU, 
CZ, DE, DK, DM, DZ, EC, EE, ES, FT, GB, GD, GE, GH, 
GM, HR, HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, LC, 
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW, 
MX, MZ, NO, NZ, OM, PH, PL, PT, RO, RU, SD, SE, SG, 
SI, SK, SL, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, 
VN, YU, ZA, ZM, ZW. 

(84) Designated States (regional): ARIPO patent (GH, GM, 
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW), 
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), 
European patent (AT, BE, CH, CY, DE, DK, ES, FI, FR, 
GB, GR, IE, IT, LU, MC, NL, PT, SE, TR), OAPI patent 
(BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW, ML, MR, 
NE, SN, TD, TG). 

Published: 

— with international search report 

[Continued on next page J 



(54) Title: FUEL CELL VOLTAGE MONITORING 



V© 
ON 




Fuel Cell Plurality of Differential 
Stack Amplifiers 



Analog to 
Digital 

Converter 
(ADC) 



A/D 
Control 



MuIHplexerControl 



(57) Abstract: This invention discloses a system and method for monitoring the voltage of a fuel cell stack. The system comprises 
a plurality of differential amplifiers, a switching network, an analog to digital converter and a controller. The system may further 
include a remote PC. Each differential amplifier has a high common-mode rejection ratio. The differential amplifiers are connected 
to terminals in the fuel cell stack at which the voltage is to be measured. An output of a single differential amplifier is chosen by 
the switching network, under the direction of the controller, and converted to digital values by the analog to digital converter. The 
digital values are used by the controller to calculate the cell voltage of the fuel cell. The controller also controls the analog to digital 
converter. The invention further comprises a calibration method and apparatus which are used to calibrate the measurement system 
before performing voltage measurement on the fuel cell stack. This invention allows the cells voltage of a fuel cell with almost any 
common-mode voltage to be measured using readily available differential amplifiers. 



WO 02/097460 A3 I IIIII llllllll II llllll lllll llll I II III IIHI lllll Hill IIIII HID III) IIIIID llll [III illl 

r 



($8) Date of publication of the international search report: 

20 February 2003 



For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations" appearing at the begin- 
ning of each regular issue of the PCT Gazette. 



INTERNATIONAL SEARCH REPORT 



Intern al Application No 

PCT/CA 02/00791 



A. CLASSIFICATION OF SUBJECT MATTEH , 

IPC. 7 G01R31/36 H01M8/04 



According to International Patent Classification (IPC) or to both national classification and IPC 



B. FIELDS SEARCHED 



Minimum documentation searched (classification system foDowed by classification symbols) 

IPC 7 G01R 



Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 



Electronic data base consulted during the International search (name of data base and, where practical, search terms used) 

EPO-Internal , WPI Data, PAJ, INSPEC, COMPENDEX 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 0 Citation of document, with Indication, where appropriate, of the relevant passages 



Relevant to claim No. 



PATENT ABSTRACTS OF JAPAN 
vol. 2000, no. 06, 
22 September 2000 (2000-09-22) 
& JP 2000 092732 A (DENS0 CORP), 
31 March 2000 (2000-03-31) 
abstract; figure 1 

PATENT ABSTRACTS OF JAPAN 

vol. 013, no. 433 (E-824), 

27 September 1989 (1989-09-27) 

& JP 01 160367 A (TOSHIBA ELECTRIC EQUIP 

CORP), 23 June 1989 (1989-06-23) 

abstract; figure 1 

W0 01 14898 A (LACY ROBERT A ;PLUG POWER 
INC (US)) 1 March 2001 (2001-03-01) 
abstract; figure 2 
page 7, line 25 -page 9, line 2 



1-30 



1-30 



8,9, 
18-22 



□ 



Further documents are listed In the continuation of box C. 



Patent family members are listed in annex. 



8 Special categories of cited documents : 

"A" document defining the general state of the art which is not 

considered to be of particular relevance 
'E' earlier document but published on or after the international 

filing date 

■L' document which may throw doubts on priority clalm(s) or 
which Is cited to establish the publication date of another 
citation or other special reason (as specified) 

'O' document referring to an oral disclosure, use, exhibition or 
other means 

"P" document published prior to the international filing date but 
later than the priority date claimed 



'V later document published after the International filing date 
or priority date and not in conflicl with the application but 
cited to understand the principle or theory underlying the 
invention 

'X* document of particular relevance; the claimed Invention 
cannot be considered novel or cannot be considered to 
involve an inventive step when the document is taken alone 

»Y" document of particular relevance; the claimed Invention 
cannot be considered to involve an inventive step when the 
document is combined with one or more other such docu- 
ments, such combination being obvious to a person skilled 
in the art. 

'&' document member of the same patent family 



Date of the actual completion of the International search 



22 November 2002 



Date of mailing of the International search report 



29/11/2002 



Name and mailing address of the ISA 

European Patent Office, P.B. 5818 Patent laan 2 
NL-2280 HV RQswIik 
Tel. (+31-70) 340-2040, Tx. 31 651 epo nl, 
Fax: (+31-70) 340-3016 



Authorized officer 



Binger, B 



Form PCT/1SA/210 (second sheet) (July 1992) 



INTERNATIONAL SEARCH REPORT 

reformation on patent family members 



Inten al Application No 

PCT/CA 02/00791 



Patent document 
cited in search report 



Publication 
date 



Patent family 
member(s) 



Publication 
date 



JP 2000092732 A 



31-03-2000 NONE 



JP 


01160367 2 


A 


NONE 






wo 


0114898 


A 


01-03-2001 US 


6313750 Bl 


06-11-2001 








AU 


6761300 A 


19-03-2001 








WO 


0114898 Al 


01-03-2001 



Fonn PCT/ISA/210 (patent lamlly annex) (July 1992) 



